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PURPOSE. We identify noninvasive biomarkers that measure the severity of oxidative stress
within retina layers in sodium iodate (SI)-atrophy vulnerable (C57BL/6 [B6]) and SI-atrophy
resistant (129S6/SvEvTac [S6]) mice.

METHODS. At 24 hours after administering systemic SI to B6 and S6 mice we measured: (1)
superoxide production in whole retina ex vivo, (2) excessive free radical production in vivo
based on layer-specific 1/T1 values before and after a-lipoic acid (ALA) administration while
the animal was inside the magnet (QUEnch-assiSTed MRI [QUEST MRI]), and (3) visual
performance (optokinetic tracking) 6 antioxidants; control mice were similarly assessed.
Retinal layer spacing and thickness in vivo also were evaluated (optical coherence
tomography, MRI).

RESULTS. SI-treated B6 mice retina had a significantly higher superoxide production than SI-
treated S6 mice. ALA-injected SI-treated B6 mice had reduced 1/T1 in more retinal layers in
vivo than in SI-treated S6 mice. Uninjected and saline-injected SI-treated B6 mice had similar
transretinal 1/T1 profiles. Notably, the inner segment layer 1/T1 of SI-treated B6 mice was
responsive to ALA but was unresponsive in SI-treated S6 mice. In both SI-treated strains,
antioxidants improved contrast sensitivity to similar extents; antioxidants did not change
acuity in either group. Retinal thicknesses were normal in both SI-treated strains at 24 hours
after treatment.

CONCLUSIONS. QUEST MRI uniquely measured severity of excessive free radical production
within retinal layers of the same subject. Identifying the mechanisms underlying genetic
vulnerabilities to oxidative stress is expected to help in understanding the pathogenesis of
retinal degeneration.
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Preventing or slowing progression of sight-threatening outer
retinal degeneration resulting from, for example, genetic

disease remains challenging. Clinical and experimental studies
have implicated outer retinal oxidative stress in the pathology
of many forms of outer retinal degeneration.1–20 Yet, it remains
unclear as to whether antioxidants (AOs) confer a benefit
against photoreceptor atrophy in patients.6,7,21 This uncertain-
ty is likely due, in part, to a limited ability to objectively
determine effective reduction of regional retinal oxidative
stress in patients after AO treatment.6,7,21 Thus, there is a
pressing need for new methods that will measure the severity
of excessive free radical production in different layers of the
retina in vivo and have translational potential.

New noninvasive biomarkers to address this problem have
been suggested. Excessive free radical production can be
detected in vivo without a contrast agent using QUEnch-
assiSTed magnetic resonance imaging (QUEST MRI).22–24 The
QUEST MRI index evaluates an abnormally high production of
paramagnetic free radicals as a greater-than-normal spin-lattice

relaxation rate R1 (1/T1) that can be returned to baseline with
an AO (i.e., a quench).22–24 In MRI, nuclear spins (usually
protons) are brought to a higher energy state with a
radiofrequency pulse. The spin–lattice relaxation time (‘‘T1’’)
is a ‘‘life-time’’ measurement describing how quickly nuclear
spins return back to their equilibrium position along the
direction of the static magnetic field while releasing energy to
their surroundings (the ‘‘lattice’’). Paramagnetic agents have
unpaired electrons (e.g., Gd-DPTA, manganese, or free radicals)
and shorten T1 causing R1 to increase linearly based on the
concentration of the paramagnetic agent.25 We have validated
rod photoreceptor compartment-specific QUEST MRI measure-
ments in vivo against a ‘‘gold standard’’ free radical assay ex
vivo in several animal models.22–24 Another promising nonin-
vasive approach is optokinetic tracking (OKT), which measures
cone-based visual performance and is sensitive to retinal
oxidative stress.26–30 While QUEST MRI and OKT detect the
presence of oxidative stress in vivo, whether they can measure
its severity remains unclear.

Copyright 2017 The Authors

iovs.arvojournals.org j ISSN: 1552-5783 3286

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License.

https://creativecommons.org/licenses/by-nc-nd/4.0/


Administration of an oxidizing agent is a useful test of how
well the retina can tolerate oxidative stress.2,17,20,26,31–33 Low
doses of sodium iodate (SI) are reported to produce more outer
retinal atrophy on histologic examination in B6 mice than in S6
mice.2,23,31,32 Thus, we hypothesized that before overt atrophy,
SI-treated B6 mice experience more outer retinal oxidative
stress than SI-treated S6 mice.

In this study, we tested this hypothesis using a low dose of
SI.23 Superoxide production was measured from ex vivo retinas
as a ‘‘gold standard’’ outcome.34,35 We evaluated sustained
production of abnormally high levels of inherently paramagnetic
free radicals, which are MRI 1/T1 contrast agents,22–24 in
different retinal layers of each mouse before and after in-magnet
injection of either saline or a-lipoic acid (ALA; QUEST MRI).22,23

ALA is a relatively fast-acting, potent free radical scavenger that
normally is found in mitochondria and that readily crosses
blood–neuron barriers.36,37 Furthermore, OKT assessment of
visual performance with and without administration of methy-
lene blue (MB) þ ALA (our previously described AO cocktail)
was evaluated.22,23,26,27 MB is a ‘‘parasitic’’ electron transporter
widely reported to correct mitochondrial- and oxidase-induced
oxidative stress.38,39 Finally, retinal layer spacing and thicknesses
were noninvasively examined using optical coherence tomogra-
phy (OCT) and MRI.22,23

MATERIALS AND METHODS

All animals were treated in accordance with the National
Institutes of Health (NIH; Bethesda, MD, USA) Guide for the
Care and Use of Laboratory Animals, the Association for Research
in Vision and Ophthalmology (ARVO) Statement for the Use of
Animals in Ophthalmic and Vision Research, and Institutional
Animal and Care Use Committee authorization. Animals were
housed and maintained in 12-hour:12-hour light-dark cycle
laboratory lighting unless otherwise noted. Mice were eutha-
nized by humanely cervical dislocation followed by a bilateral
pneumothorax, as detailed in our IACUC-approved protocol.

Groups

Male 2- to 3-month-old C57BL/6 (B6, Jackson Laboratory, Bar
Harbor, ME, USA) and 129S6/SvEvTac (S6, Taconic Biosciences,
Hudson, NY, USA) mice were studied. Approximately 24 hours
before examination, mice of both strains were injected with SI
dissolved in saline (bolus intraperitoneal [IP], 20 mg/kg; Sigma-
Aldrich Corp., St. Louis, MO, USA). This dose and time point
produced outer retinal oxidative stress without substantial
outer retinal degeneration in atrophy-vulnerable (C57BL/6
[B6]) mice.17,23,32

Retinal Superoxide Production

Subgroups of dark-adapted B6 and S6 mice were treated with SI.
These mice were maintained in darkness for at least 16 hours
before euthanasia and retina removal. Superoxide production
was measured on each retina using a standard lucigenin (bis-N-
methylacridinium nitrate; Sigma-Aldrich Corp.).23

QUEST MRI Evaluation

Subgroups of mice were maintained in darkness for at least 16
hours before and during the MRI examination. In all groups,
immediately before the MRI experiment, animals were
anesthetized with urethane (36% solution IP; 0.083 mL/20 g
animal weight, prepared fresh daily; Sigma-Aldrich Corp.) and
treated topically with 1% atropine sulfate (Akorn Pharmaceu-
ticals, Lake Forest, IL, USA) to ensure dilation of the iris. This is

followed by 3.5% lidocaine gel (Akorn Pharmaceuticals) to
reduce sensation that might trigger eye motion and to keep the
ocular surface moist. Also, an IP catheter (Terumo Surflo, 24ga,
0.75 inches; Thermo Fisher Scientific, Waltham, MA, USA) was
positioned and secured intraperitoneally for injections inside
the magnet. High resolution 1/T1 data were acquired on a 7T
system (Bruker ClinScan, Billerica, MA, USA) using a receive-
only surface coil (1.0 cm diameter) as regularly performed in
our laboratory.22,23,40 In all cases, several single spin-echo (time
to echo [TE] 13 ms, 7 3 7 mm2, matrix size 160 3 320, slice
thickness 600 lm, in-plane resolution 21.875 lm) images were
acquired at different repetition times (TRs) in the following
order (number per time between repetitions in parentheses):
TR 0.15 seconds (6), 3.50 seconds (1), 1.00 seconds (2), 1.90
seconds (1), 0.35 seconds (4), 2.70 seconds (1), 0.25 seconds
(5), and 0.50 seconds (3). To compensate for reduced signal-to-
noise noise ratios at shorter TRs, progressively more images
were collected as the TR decreased. 1/T1 data were collected
before (i.e., baseline) and 13 and 29 minutes (the middle time
points of the image acquisitions) after acute saline (10 lL/g) or
ALA (50 mg/kg, dissolved in saline and pH adjusted to
approximately 7.4) injection inside the magnet. To improve
the signal-to-noise ratio, data collected at 13 and 29 minutes
after either ALA or saline administration were averaged.

OKT Evaluation

Two visual performance metrics were evaluated 24 hours after
SI injection in dark-adapted, awake, and freely moving mice:
spatial frequency thresholds (SFT, ‘‘acuity,’’ in cycles/deg [c/d])
and contrast sensitivity (CS, measured at the peak of the
nominal curve [0.06 cycles/deg], inverse Michelson contrast
[unitless]) using the OKT reflex (OptoMotry, CerebralMe-
chanics, Inc., Alberta, Canada) as described previously.41 In
brief, a vertical sine wave grating is projected as a virtual
cylinder in three-dimensional coordinate space on computer
monitors arranged in a quadrangle around a testing arena.
Unrestrained mice (after an overnight dark adaptation) are
placed on an elevated platform at the center of the arena. An
experimenter used a video image of the arena from above to
view the animal and follow the position of its head with the aid
of a computer mouse and a crosshair superimposed on the
mouse head. The X–Y positional coordinates of the crosshair
are centered on the hub of the virtual cylinder, enabling its wall
to be maintained at a constant ‘‘distance’’ from the animal’s
eyes, and thereby adjusting the spatial frequency (SF) of the
stimulus to a fixed viewing position. When the cylinder was
rotated in the clockwise (CW) or counter clockwise (CCW)
direction and the animal followed with head and neck
movements that tracked the rotation, it was judged whether
the animal’s visual system could distinguish the grating. CW
and CCW tracking provides a measure of left and right eye SFT
and CS.41,42 One set of SFT and peak of CS measurements can
reliably be obtained in 30 minutes.42 Control mice, and SI-
treated B6 and S6 mice 6 MBþALA (an AO cocktail that
corrected excessive free radical production in the SI mod-
el22,23) were evaluated to investigate the contribution of
excessive free radicals to visual performance indices. The
OKT operator was blinded to the condition (SI-treated or SI-
treated þ AO) of the mice.

OCT Evaluation

OCT (Envisu R2200 VHR SDOIS) was used to visualize retinal
layer spacing in vivo in subsets of mice (n¼2 per group). Mice
were anesthetized with urethane (36% solution intraperitone-
ally; 0.083 mL/20 g animal weight, prepared fresh daily; Sigma-
Aldrich Corp.). 1% atropine sulfate was used to dilate and
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GenTeal was used to lubricate the eyes. OCT images also were
used to visualize possible SI-evoked damage, and to spatially
calibrate the transretinal MRI profiles.43

MRI Data Analysis

Within each T1 data set of 23 images, images acquired with the
same TR were first registered (rigid body) and then averaged to
generate a stack of 8 images. These averaged images then were
registered across TRs. It is well known that using imperfect slice
profiles leads to a bias in the estimate of T1 and a lower than
expected T1 value (Chapter 18 in the book by Haacke et al.44).
By normalizing to the shorter TR some of the bias can be
removed giving a more accurate estimate for T1. We normalized
by first applying 3 3 3 Gaussian smoothing (performed three
times) on only the TR 150 ms image to minimize noise and
emphasize signal. The smoothed TR 150 ms image then was
divided into the rest of the images in that T1 data set. Preliminary
experiments (not shown) found that this procedure help
minimize the day-to-day variation in the 1/T1 profile previously
noted and obviated the need for a ‘‘vanilla control’’ group used
previously for correcting for day-to-day variations.22,23 1/T1 maps
were calculated using the 7 normalized images via fitting to a
three-parameter T1 equation (y¼ aþ b*[exp(�c*TR)], where a,
b, and c are fitted parameters) on a pixel-by-pixel basis using R
(v.2.9.0; R Development Core Team. R: A language and
environment for statistical computing. R Foundation for Statis-
tical Computing, Vienna, Austria. ISBN 3–900051–07–0; 2009)
scripts developed in-house, and the minpack.lm package (v.1.1.1;
Elzhov TV, Mullen KM. Mullen minpack.lm: R interface to the
Levenberg-Marquardt nonlinear least-squares algorithm found in
MINPACK. R package version 1.1–1).

In each mouse, retinal thicknesses (lm) were objectively
determined using the ‘‘half-height method’’ wherein a border is
determined via a computer algorithm based on the crossing
point at the midpoint between the local minimum and
maximum, as detailed previously.45,46 Thus, the distance
between two neighboring crossing-points represents an
objectively defined retinal thickness. 1/T1 profiles in each
mouse then were normalized with 0% depth at the presump-
tive vitreoretinal border and 100% depth at the presumptive
retina–choroid border. The present resolution is sufficient for
extracting meaningful layer-specific anatomical and functional
data, as discussed previously.36,42

Statistical Analysis

Data are presented as mean 6 SEM. All superoxide, OKT, and
MRI thicknesses measurements were evaluated for a normal
distribution. Superoxide levels were compared using an
unpaired t-test. All OKT indices had a normal distribution,
and comparisons were performed using a 1-way ANOVA. MRI
thickness measurements were compared using the Kruskal-
Wallis test (nonparametric 1-way ANOVA); this nonparametric
test was used because the low n in some groups precluded
determination of a normal distribution. For the MRI profile
data, we used a linear mixed model with cubic splines to
model and compare mouse-specific profiles between groups.
The number of ‘‘windows’’ with a relationship between 1/T1
and location (i.e., ‘‘knots’’) initially was evaluated separately
for each group for any given analysis, and the Akaike and
Schwarz Bayesian information criteria (AIC and BIC) were
used to identify the model with the fewest knots needed to
model all groups. Random coefficients for the intercept and
location-specific coefficients (cubic spline coefficients) also
were evaluated using AIC and BIC. The model included the
fixed effects of strain, AO treatment, location-specific values
for the cubic splines, and up to three-way interactions among
the main effects. Higher-order interactions were removed
from the model if they were not significant at the 0.05 level.
To calculate a total AO effect across the entire profile, we
summed the predicted values for the appropriate interaction
across all locations. A significance level of 0.05 was used for
all analyses.

RESULTS

Retinal Superoxide Production Ex Vivo

Compared to SI-treated B6 retina, SI-treated S6 retina had a 54%
lower production of superoxide free radicals (Fig. 1).

QUEST MRI In Vivo

SI produced a greater-than-normal 1/T1 in the outer retina of
B6 mice (compare black lines in Figs. 2A, 2B, 3A); these data
are consistent with our previous report and with the sustained
production of free radicals.23 In SI-treated B6 mice, in-magnet
injection of ALA (but not saline) decreased 1/T1 in the entire
outer retina (44%–100%), in-line with quenching of excessive
free radical production (Figs. 3A, 4A).23 In SI-treated B6 mice,
ALA also significantly reduced 1/T1 locally in the inner retina
(16%–28% depth; Figs. 3A, 4A). In contrast, an ALA response
was found in select regions of the outer retina of SI-treated S6
mice (48%–76%, and 88%–100%), and no response to ALA was
observed in the inner retina (Fig. 4B). In other words, SI-treated
B6 mice showed evidence in vivo of excessive free radical
production in a larger portion of the retina than seen in SI-
treated S6 mice (Fig. 4). Summation of the ALA response in the
ALA-responsive regions revealed a 53% decrease in severity of
free radical production mostly in the rod-dominated outer
retina in SI-treated S6 versus SI-treated B6 mice (Fig. 4C), in
agreement with the 54% decrease observed in the ‘‘gold
standard’’ assays (Fig. 1).

OKT Evaluation

SFT did not change in either SI-treated B6 or SI-treated S6 mice
with AO (Figs. 5A, 5C). However, CS significantly increased in
both groups following treatment with AO, consistent with the
presence of oxidative stress in cone cells (see discussion; Figs.
5B, 5D).

FIGURE 1. Excessive free radical production is greater in SI-treated B6
retina compared to that of SI-treated S6 retina. Superoxide production
measured on the same day from excised retinas of dark-adapted SI-
treated S6 (n¼5) and B6 (n¼5) mice. Black bar: significant difference
(P < 0.05).
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Retinal Anatomy

In OCT images from representative mice, no evidence for

retinal thinning was evident by visual inspection of the retinal

layer spacing’s between groups (Fig. 6A). In support of this
observation, measurement of whole retinal thicknesses (MRI)
found no differences between any groups (95% confidence
intervals [CIs], B6 [221, 233 lm]; SI-treated B6 [213, 239 lm];

FIGURE 2. QUEST MRI measurements in B6 controls. Modelling results of normalized 1/T1 MRI profiles in vivo for the following groups (see
Methods for details). (A) Dark-adapted C57Bl/6 (B6) group (black, n¼ 3) versus its paired profile after administration of saline inside the magnet
(green). (B) Dark-adapted B6 mice treated 24 hours earlier with sodium iodate (black, n¼4) versus its paired profile after in-magnet administration
of saline (green). Representative OCT image (above [A]) illustrate laminar spacing within the retina; layer assignments (GCL, ganglion cell layer; INL,
inner nuclear layer; IPL, inner plexiform layer; IS, rod inner segment layer; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer
plexiform layer; OS, rod outer segment layer) are as reported previously.60 Dashed vertical lines map OPL (42%) and retina/choroid boundary
(100%) onto MRI profiles (below). Retinal depth range with significant difference (P < 0.05) based on paired differences (e.g., Fig. 3). Each 1/T1
data set was normalized to its TR 150 ms image (‘‘Normalized 1/T1’’), as detailed in the Methods section.

FIGURE 3. QUEST MRI measurements of SI-treated B6 mice. Modelling results of normalized 1/T1 MRI profiles in vivo (see Methods for details) for
(A) SI-treated B6 (black, n¼ 8) and SI-treated B6þALA (red, n¼ 8), and (B) SI-treated S6 (black, n¼ 4) and SI-treated S6þALA (red, n¼ 4) groups.
Other graphing conventions are detailed in Figure 2. Statistically significant differences are based on analysis of the difference plots presented in
Figure 4.
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SI-treated B6þvehicle [198, 242 lm]; SI-treated B6þAO [204,
261 lm]; S6 [215, 229 lm]; SI-treated S6 [198, 226 lm]; SI-
treated S6þvehicle [187, 246 lm]; SI-treated S6þAO [207, 244
lm]; Fig. 6B).

DISCUSSION

To our knowledge, our results provide a first-time demonstra-
tion that QUEST MRI measures the severity of sustained
greater-than-normal production of free radicals within the
outer retina of the same subject in vivo.22,23 S6 and B6 strains
were examined in our study based on reports that low doses of
SI produce substantially less outer retinal damage in S6 mice
than in B6 mice.31,32 In one study, 3 weeks after 20 mg/kg SI
was injected into the tail vein of S6 mice, only subtle damage
was observed in the retinal pigment epithelium layer in 29%
(2/7) of mice in the absence of photoreceptor atrophy or outer
retinal thinning.31 In contrast, another study in B6 mice found
significant retinal pigment epithelium atrophy and greatly
reduced outer retinal thickness 1 week after 20 mg/kg SI
injected into the orbital venous plexus; the incidence of
damage was not reported.32 It is possible that procedural
differences between labs, such as the use of a different route of
SI administration, affected outcomes. However, in a prelimi-
nary study, we confirmed the strain-dependent morphometric
difference in susceptibility in response to SI. One week after IP
injections of 20 mg/kg SI, retinal layer abnormalities were
observed on OCT examination in the outer retina in 66% (2/3)
of B6 mice compared to 25% (1/4) of SI-treated S6 mice (data
not shown). These results supported the previous findings that
B6 mice are more vulnerable to a systemic SI challenge than S6
mice.

In a conventional ex vivo assay, we tested and confirmed
our working hypothesis that SI-treated B6 mice experience
more outer retinal oxidative stress than SI-treated S6 mice (Fig.
1). These data raised the possibility that the differential
response to SI occurred in the outer retina since the rod inner
segment layer contains approximately 75% of retinal mito-
chondria (a major source of superoxide free radicals).23,34 This

presumption was supported by the agreement between the ex
vivo assay result and evidence for excessive outer retinal free
radical production as measured by QUEST MRI (Figs. 1, 3, 4).
QUEST MRI evaluates the total excessive free radical burden of
the tissue because all species of free radicals are paramagnetic
and ALA is a nonspecific free radical scavenger.22,23,47,48 The
present results (Figs. 1, 3, 4) provide first-time evidence
supporting the use of spatial mapping of the 1/T1 difference
between baseline and ALA treatment as a graded noninvasive
index of severity of laminar-specific excessive free radical
production.

FIGURE 4. Difference QUEST MRI measurements in SI-treated B6 and SI-treated S6 mice. Modelling results of differences in normalized 1/T1 MRI
profiles in vivo (see Methods for details) for (A) SI-treated B6 (n¼ 8) and (B) SI-treated S6 (n¼ 4) groups. Difference transretinal 1/T1 profiles were
generated for each mouse by subtracting the normalized baseline 1/T1 at each location (‘‘pre’’) from the normalized post ALA 1/T1; these then were
averaged for the group. Error bars: 95% CIs. Graphing conventions are detailed in Figure 2. (C) Summary of positive ALA responsive regions in dark-
adapted SI-treated B6 and SI-treated S6 mice as measured by QUEST MRI are in agreement with both conventional ex vivo assays (Fig. 1).

FIGURE 5. SI induced oxidative stress reduced contrast sensitivity but
not acuity in both strains. Spatial frequency threshold (left) evaluated
in B6 (top row) and S6 (bottom row) mice that were either SI-treated (n
¼ 10, 4, respectively) or SI-treatedþAO (IO3þAO, n ¼ 10, 5,
respectively). Black bar: significant difference (P < 0.05). Error bars:
SEM.
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We also examined photopic OKT based on reports that
indices of visual performance are sensitive to retinal oxidative
stress (Fig. 5).26–30,49 Our results were consistent with the idea
of an oxidative stress response to SI in cone cells because
photopic CS (but not SFT) is regulated by cone dopamine D4
receptors.30,50,51 The OKT data also were consistent with a
minimal oxidative stress response to SI in the inner retina,
since SFT (but not contrast sensitivity) is modulated by
dopamine D1 receptors in bipolar and horizontal cells of the
inner retina, and was not responsive to AO treatment.30,50,51

Together, these considerations raised the possibility that OKT
measurements may be sensitive to layer-specific oxidative
stress although more work clearly is needed to investigate the
sensitivity of D1 and D4 receptor to oxidative stress.26–30

Comparing the QUEST MRI and OKT results raises the novel
possibility that rods exhibit oxidative stress before cone cells
following SI treatment, although further studies are needed to
address this point.

The molecular basis for the strain-dependent oxidative
stress vulnerability to SI, and the spatially distinct responses
within retinal layers of the outer retina, is not clear and was not
the focus of this study. Nonetheless, we speculated that the
strain-dependent differences in outer retinal oxidative stress
might arise because S6 mice regenerate 11-cis-retinaldehyde
faster than B6 mice due to different genetic forms of RPE65;
systemic 11-cis-retinaldehyde recently was shown to reduce
retinal oxidative stress and improve visual performance in
experimental diabetic retinopathy.19,27,52–54 However, other
factors likely also differ between S6 and B6 mice and
contribute to the observed results; more work in this area is
needed to clarify the underlying mechanisms.1,19,52–58

In summary, our results highlighted QUEST MRI as a
powerful, noninvasive, and graded measurement of excessive
free radical production by neurons. QUEST MRI offers two
major advantages. First, QUEST MRI uniquely and directly maps
layer-specific regions generating excessive free radicals in
contrast to the ‘‘grind and find’’ whole retinal assays ex vivo,
and the behavioral OKT assay. Second, because QUEST MRI
does not involve injection of a contrast agent, its translational
potential into patients is high. In addition, our results
supported and extended data in the literature that have
suggested a genetic basis for outer retinal oxidative stress
vulnerability.17,20,26,33,59 Measuring retinal oxidative stress in
vivo represents an important step in improving our ability to

personalize AO treatment efficacy to slow progression, or
possibly prevent, retinal degenerative diseases.
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